NIH 3T3 mouse cells were infected at very high multiplicity with murine sarcoma/leukaemia virus (MSV/MLV) and then cloned. All of the 48 clones obtained were morphologically transformed, all but one showed anchorageindependence of growth, typical of MSV-transformed NIH 3T3 ceils and most (9I ~o) produced MSV/MLV. When cells which had been pre-treated with lO 4 units/ml of purified interferon (IF) were infected under the same conditions and then cloned in the presence of the same amount of IF, only 6 of a total of 63 clones were morphologically transformed. All but these 6 showed a degree of anchorageindependcnce typical of the uninfected parental cells and very few (2"4 ~o) produced virus. Furthermore, the MSV genome could not be rescucd in any of the 23 clones tested and only I out of IO clones produced tumours. The properties of these clones remained stable over a period of IO to 2o passages in the absence of interferon. Wc conclude that interferon can irrevcrsibly block an early step in the MSV/MLV infectious process.
INTRODUCTION
The replication of murine C-type viruses has been shown to be sensitive to interferon (IF) at a late stage in the multiplication cycle, the assembly or maturation of murine leukaemia viruses (MLV) being impaired in IF-treated cells (BiUiau et al. 1974; Friedman et al. 1975; Pitha et al. 1976) . There is some evidence that in addition to this late block, there is an early step which is also sensitive to IF (Aboud et al. I978; Morris & Clegg, 1978) . We have shown (Morris & Clegg, 1978) that IF can block transformation of NIH 3T3 cells by MSV, but the techniques used, namely short-term transformation assays, could not demonstrate whether IF prevented transformation permanently or merely transiently, for example by inhibiting the immediate expression of the transformed phenotype. In this communication we show that high doses of IF (IOOOO units/ml) permanently block transformation by murine sarcoma virus (MSV) and also prevent the establishment of infection by MLV, thus confirming that there is an IF-sensitive early step in the replication of murine C-type viruses. Our experimental approach was to infect cells with MSV/MLV in the presence of IF, to derive clones from the infected cells and then to infer from the phenotype of the clones whether IF treatment would have a long term effect in preventing infection. (Jainchill et al. I969) , cloned twice (clone 4E) and here termed 3T3/4 E were maintained at low density to reduce the appearance of spontaneously oo22-I317/79/oooo-3386 $02.0o © t979 SGM transformed variants. Cultures were trypsinized while subconfluent and reseeded at 5o ooo cells/25 cm 2 flask. The Kirsten strain of MSV/MLV, harvested from confluent cultures of transformed NRK (normal rat kidney) cells had a titre of Io 6"4 f.f.u, of MSV and IO 5 p.f.u./ml of MLV, as determined by focus assay and XC assay in 3T3/4 E cells. A stock of the Moloney strain of MLV containing no detectable transforming activity was used for MSV rescue experiments (see below).
METHODS

Cells and virus. NIH 3T3 cells
MSVfocus assay. Twenty cm 2 Petri dishes seeded with 3T3/4 E cells at 2 × IO 5 cells/dish were treated for I h at 37 °C with DEAE-dextran (25 #g/ml in phosphate-buffered saline) and then inoculated with o'5 ml of virus. After a further I h at 37 °C, medium containing 5 % calf serum was added and incubation continued. The dishes were examined for the presence of foci of transformed cells over the next I4 days.
Assay for RNA-dependent DNA polymerase (RDDP: EC 3.2.2. T). Ten #1 of detergenttreated, filtered (o.22 #m Millipore filter) tissue culture fluids were added to 5o #1 of a reaction mixture containing 62. 5 mM-tris,._(pH 7.8), 7"5 mM-KC1, 0.625 mM-MnC12, 1.25 mMdithiothreitol, 25/zg/ml poly-riboadenylic acid (Sigma Chemicals), I7/zg/ml oligodeoxythymidylic acid (PL Biochemicals Inc.) and t25 #Ci/ml of aH-TTP (4I Ci/mmol: Radiochemical Centre, Amersham, U.K.). After incubation for I h at 37 °C, aliquots of the reaction mixtures were spotted on to DE 81 papers, unreacted 3H-TTP was washed off with a 2 ~ solution of Na~HPO 4 (anhydrous) and the incorporated 3H-TTP determined by scintillation counting. Ten#l of culture fluids from virus-producing cells catalysed the incorporation of 5 to 2o pmol of 3H-TPP in this assay: culture fluids from non-virusproducing cells gave incorporations which were not significantly above background levels (0"5 pmol).
MSV rescue.
Rescue experiments (Aaronson & Rowe, I97O) were carried out by infecting clones with Moloney MLV and passing the cells at least once to eliminate residual MLV inoculum. The tissue culture fluids were then harvested, filtered, assayed for RDDP to confirm successful infection, and if positive for RDDP, assayed for focus-forming activity to determine whether MSV was rescued.
Anchorage dependence of growth. The agar technique of Macpherson & Montagnier (I964) was used. Plates were scanned using a low power microscope and colonies counted on several occasions between I4 and 42 days after plating in order to establish the efficiency of plating (e.o.p.).
Determination of tumorigenicity. Cells (IO n) were injected subcutaneously in the scapular region of 2-day-old inbred NIH mice (OLAC, Bicester, Oxfordshire, U.K.). The mice were examined three times weekly for tumours and were considered positive when the tumour diam. exceeded I cm.
Interferon. The preparation of IF used in these studies was kindly given by Professor E. de Maeyer (Orsay, France). It was prepared from C 243 mouse cells and purified to electrophoretic homogeneity by affinity chromatography (de Maeyer-Guignard et al. I978). The sp. act was 2-4 x io 9 research reference units per mg protein.
Design of clone isolation experiments. Plastic Petri dishes (7 cm~) were seeded with 5 x lO 4 3T3/4 E cells and 24 h later treated with o or lO 4 units/ml of IF. After a further 24 h, the cells were infected as described above with I ml of undiluted virus: 2 h later, the cells were trypsinized and counted. From the cell counts and virus titres, the m.o.i, was calculated. To determine the efficiency of infection under these conditions, the cells infected in the absence of IF were plated out at low density (3o or IOO cells/2o cm ~ Petri dish) with uninfected 3T3/4E cells (2 × lO 5 per dish) to determine the proportion of cells capable of generating foci, i.e. infected and transformed by MSV. These infected cells were also plated out alone at the same low density to determine their e.o.p, as a check on numbers and viability. The cell suspensions were also plated out in Microtest trays at a density of o'5 cells/ well, either in the presence of IO 4 units/ml of IF (IF treated) or in the absence of IF (control). In one experiment to determine the effect of IF pre-treatment alone cells which had been infected after pre-treatment with IF were plated out in the absence of IF, for cloning, and in parallel with uninfected cells, for determination of focus-forming ability. Seven days after plating, the Microtest trays were examined for the presence of colonies. The medium was changed in those wells containing only one done, a fresh pipette being used for each well, and with addition of fresh IF where appropriate. The medium was not changed again. As soon as the selected colonies were big enough they were trypsinized and passed into a 7 cm~ dish 0st passage); when this dish was confluent, the cells were transferred to a 25 cm ~ flask and subsequently subcultured, when confluent, at a I : 8 ratio. Each passage was therefore equivalent to approximately three cell generations. All clones were maintained in the absence of IF from the I st passage onwards. In order to ensure that the cloning was random, all single clones were picked from one Microtest tray.
RESULTS
Properties of 3T3/4 E cells
These cells in early passage (< IO passages after their cloning) appeared very flat and their growth was completely anchorage-dependent. However, with increasing passages, the cells grew to higher density and by passage 25 could grow in agar, but at low efficiency (I to 2 9/oo). If the cells were subsequently maintained at high density, with subculture at a 1:2 ratio twice weekly, they very rapidly lost anchorage-dependence and after a few such passages grew at high efficiency in agar (e.o.p. ~ 4o ~). However, the growth in agar was relatively slow, when compared with MSV transformed derivatives. The cells produced very few tumours when compared with a range of MSV transformed derivatives (unpublished observations).
Interferon, at doses up to Io 4 units/ml had very little effect on the growth of 3T3/4E cells or their transformed derivatives, either in bulk culture or when cloning. This confirms the observation of Buffet et al. (I978) that NIH 3T3 cells are insensitive to the anti-proliferative effect of IF. We have also found that 3T3/4E cells are relatively insensitive to the antiviral effect of IF, about 3o research reference units titrating at one unit in these cells (our unpublished observations).
Clone isolation experiments
Three experiments (I to 3) have been performed, using highly purified IF, with cells at the 14th, 24th and 8th passages respectively. The added m.o.i, of MSV was 22 to 6o and of MLV o'73 to 2. The IF-treatment protocol (see Methods) was adopted because preliminary results (Morris & Clegg, I978, and our unpublished observations) showed that high doses were required in order to obtain unequivocal results.
Clones obtained from MSV infected ceils in the absence of IF are referred to as control clones and those obtained in the presence of IF as IF clones.
Efficiency of infection
The number of foci formed by cells infected in the absence of IF was very close to the number of cells plated, indicating essentially complete infection by MSV. However, the number of colonies formed (i.e. in the absence of non-transformed cells) was only slightly less than the number of foci formed. The IF-treated cells formed markedly fewer foci than 
Morphological appearance and anchorage dependence of control and IF clones at isolation
All control clones (a total of 48) had a transformed morphology, and grew in a random, criss-cross fashion with highly refractile, spindle-shaped cells. In contrast, the IF clones (a total of 63) in morphology generally resembled the untransformed parent, with a few (6) exceptions which were plainly morphologically transformed (Fig. I) . The anchoragedependence of growth of the clones was tested as soon as possible after isolation. Within each experiment, the control clones were much less anchorage-dependent than the corresponding morphologically untransformed IF clones, growing with a high e.o.p, in agar and rapidly giving large colonies in a manner typical of MSV-transformed NIH 3T3 cells. There were also distinct differences between experiments in the anchorage dependence of clones. Thus, the control clones of experiments t and 2 showed a generally higher e.o.p. in agar than those of experiment 3; and while the morphologically untransformed IF clones of experiments I and 3 had a zero e.o.p. (no colonies seen), most IF clones of experiment z showed some degree of anchorage independence. However, these clones grew in agar much more slowly than MSV transformed clones, resembling late passage 3T3/4E cells in this respect. These differences between experiments presumably reflect differences in the anchorage dependence of the different passages of the 3T3/4 E cells used in each experiment. Those IF clones which were morphologically transformed grew rapidly and with high efficiency in agar.
IF-sensitive early step in MSV[MLV infection
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Virus production by control and IF clones at isolation
Virus production was tested as soon as possible after isolation of the clones by measurement of RDDP levels in the filtered culture fluids and in most cases by focus assay in addition. It was found that of 35 control clones tested for RDDP production, 32 (91 ~) were positive and all the RDDP positive clones which were tested also produced MSV. On the other hand, of the 42 IF clones tested, only z (4"8 ~) produced RDDP. These two clones also produced MSV and were transformed.
StabiRty of phenotype of IF clones upon prolonged culture
Thirty-six of the IF clones, which were morphologically untransformed at isolation, were maintained in culture for between IO and 2o passages and their phenotype was then reexamined. Table t 89), which were completely anchorage dependent at isolation, had some degree of anchorage independence at late passage, but with the exception of IF 89, all grew slowly in agar, and resembled late passage 3T3/4 E ceils. The remaining clones all resembled late passage in 3T3/4E cells in their degree of anchorage dependence both at isolation and at late passage, for they did not grow markedly more efficiently or more rapidly in agar at late passage (Table I) . Clone IF 89 was found to contain a rescuable MSV genome.
Twenty-three of the clones were tested for virus production at late passage, and all were negative, with no detectable RDDP activity or focus-forming virus in the supernatant medium (Table I) .
Tumorigenicity of IF clones
Since some of the IF clones show some degree of anchorage independence of growth, it was of interest to determine whether the IF clones were tumorigenic, since we have found that clones of MSV transformed 3T3/4 E cells invariably give tumours in newborn NIH mice (unpublished data). Ten IF clones, with various degrees of anchorage dependence, were tested at late passage, and only one (IF 6I) was found to be tumorigenic (Table 2) . This clone had a very low e.o.p, in agar and had an untransformed morphology: it did not contain a rescuable MSV genome and its tumorigenicity is therefore somewhat surprising. However, we find that occasional clones derived from untransformed late passage 3T3/4 E cells also give tumours (unpublished observations).
Absence of rescuable MSV genome in IF clones
It was important to determine whether the IF clones contained a rescuable MSV genome, especially in the case of those IF clones which were anchorage-independent for growth, or gave tumours. Rescue experiments were carried out with one (non-virogenic) control clone, with I4 IF clones and with I4 sub-clones picked from agar from Io IF clones showing some anchorage independence. Altogether 26 independent IF clones were examined in this way. The control clone contained a rescuable MSV genome, but MSV was not rescued except from two of the IF clones, both of which were morphologically transformed (data not shown). < 0"05 < 0"05 --92 < 0'05 < 0'05 --* Clones 22 to 34 were obtained in experiment I ; 37 to 73 in experiment 2 and 75 to 92 in experiment 3-t One-thousand cells were seeded per agar plate: e.o.p. < 0"03 ~ or < 0"05 ~ indicates that no colonies were seen on three or two replicate plates.
All clones were tested before 4th passage and most at the 2nd passage. § ruth to 2ISt passages. II Tested both by assay for RDDP and by focus assay. ¶ ND = not done.
Effect of pre-treatment with IF for 24 h on the establishment of MS V/ML V infection of 3T3 14 E cells
In parallel with experiment 3, cells were treated with IF and then infected. Focus information was then determined and clones were isolated. Most cells formed foci, i.e. were transformed (data not shown). Of the 2o colonies which developed on a Microtest tray, it was plain that I6 were morphologically transformed; the other four appeared untransformed and these were isolated. When tested at passage 2, three of these were completely O/12 * Expressed as number of tumour-bearing mice/total number of mice injected.
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anchorage-dependent; however, two clones underwent morphological transformation between passages 6 and 9 and both contained a rescuable MSV genome.
DISCUSSION
As we have previously shown using short-term transformation assays, IF can block transformation of cells by MSV (Morris & Clegg, I978) . The experiments reported in this paper were designed to answer the question : can IF stably prevent the infection of cells by routine C-type viruses ? The clonal isolation technique was adopted since murine cells are permissive for MSV/MLV replication. Therefore, when IF was used to block the establishment of infection of a bulk culture, the virus in any cells that were nevertheless successfully infected would replicate upon removal of the IF and spread through the culture (Pitha et al. I976; Aboud et al. I978) . It was therefore imperative in our experiments to separate, by cloning, uninfected cells from any infected cells. It was also important that clone isolation should be random, with particular avoidance of selection in favour of rapidly growing clones, which would be more likely to be transformed. In addition, for our experiments to give interpretable data, it was important that all (or nearly all) the cells should have been infected. This was achieved by infection at very high m.o.i, and confirmed by showing that infected cells untreated with IF formed loci efficiently, and by study of the phenotype of the control clones. These were all transformed morphologically, while all but one were transformed by the criterion of anchorage-dependence and 91 ~ of those tested were virogenic. We conclude therefore that essentially all the IF clones were derived from cells which had been infected with MSV/MLV. Thus, the finding that most of the IF clones were morphologically untransformed, exhibited a degree of anchorage dependence characteristic of the uninfected parent (and quite unlike that of MSV-transformed derivatives), were non-virogenic, nontumorigenic and did not contain a rescuable MSV genome indicates that the IF treatment had blocked an early step in the establishment of MSV/MLV infection. Furthermore, since the phenotype of the IF clones was stable for Io to 2o passages (approx. 30 to 6o cell generations) the IF block is stable.
Our data provide few clues concerning the molecular nature of this effect of IF. There are three points at which IF could act (0 it could prevent virus adsorption (2) it could inhibit some step on the pathway from uncoating to provirus integration (Temin & Baltimore, I972; Varmus et al. I973 a, b; I974a, b; Ali & Baluda, I974; Khoury & Hanafusa, I976) or (3) the provirus might be Synthesized and integrated but not subsequently expressed. We feel (I) is unlikely, since the data from experiment 3 indicate that IF has to be present for some time after virus infection for its effect to be exerted. There are precedents for both (2) and (3), since provirus synthesis may be blocked by holding infected cells in Go (Fritsch & Temin, 1977 (Received 14 July I978 )
